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Hydrogen–deuterium exchange in KD2PO4

S. O. Kucheyev, T. E. Felter, W. J. Siekhaus, A. J. Nelson, and A. V. Hamza
Lawrence Livermore National Laboratory, Livermore, California 94550

Depth profiles of 1H and 2D in rapidly-grown KD2xH2(1−x)PO4 (DKDP) single crystals are studied
by elastic recoil detection analysis. Results show that, at ambient conditions, deuteration in the
first ∼ 500 nm from the sample surface significantly decreases within the first several days after
D2O surface polishing. This effect is attributed to the deuterium–hydrogen exchange. The effective
diffusion coefficient of this process is strongly dependent on both the degree of deuteration and
sample growth conditions. Physical mechanisms of the D/H exchange are discussed.

PACS numbers: 77.84.Fa, 68.49.Sf, 68.35.Pv, 42.70.Mp

Single-crystal KDP (KH2PO4) and its deuterated form
DKDP (KD2xH2(1−x)PO4) are hydrogen-bonded ferro-
electrics finding important applications as light frequency
converters and Pockels cells.1 Significant interest in the
growth and processing of KDP and DKDP crystals has
been stimulated by their use in large-aperture laser sys-
tems. Indeed, KDP and DKDP are materials of the cur-
rent choice for large-aperture lasers since these crystals
can be conveniently grown with linear dimensions in the
range of 50 − 100 cm.2 However, there are a number of
challenges with the growth and processing of these crys-
tals. In particular, it has recently been observed that
DKDP crystals tend to age at ambient conditions, re-
sulting in the development of surface cracks.3 Such sur-
face cracking has been attributed to deleterious effects
of the diffusion-limited D/H exchange and an associated
buildup of tensile stress in near-surface layers,4 as sug-
gested by Raman spectroscopy studies.3,5

In this letter, we study the surface stoichiometry of
DKDP. We use elastic recoil detection analysis (ERDA)6
to evaluate depth profiles of atomic concentrations of D
and H in ∼ 500-nm-thick near-surface layers. Our results
reveal that, at ambient conditions, surface deuteration
dramatically decreases during the first several days after
sample polishing. These results have important implica-
tions not only for the problem of DKDP surface crack-
ing but also for various studies of the fundamental prop-
erties of DKDP.7,8 Indeed, many analytical techniques
for studying materials properties (such as x-ray absorp-
tion/emission, light reflection, cathodoluminescence, in-
dentation, and so on) probe the near-surface layer, whose
deuteration can differ significantly from its bulk value.

The z-cut [i.e., (001) oriented] tetragonal DKDP crys-
tals used in this study were grown by a rapid growth
method at LLNL, as described in detail elsewhere.2 For
consistency, in this letter, we show results for only one
representative sample of KD1.2H0.8PO4. Qualitatively
similar effects were observed for the other DKDP samples
studied. The 4 MV ion accelerator (NEC, model 4UH)
at LLNL was used for ERDA analysis, which was done
with 3 MeV 4He+ ions incident at 70◦ to the surface nor-
mal. Hydrogen and deuterium atoms were recoiled into
a detector at 30◦ relative to the incident beam direction.
An ∼ 9-µm-thick carbon foil was placed in front of the

FIG. 1: Symbols: selected ERDA spectra illustrating the evo-
lution of D and H in KD1.2H0.8PO4 stored at ambient con-
ditions. Sample age (in days) after D2O surface polishing is
indicated in the legend. The positions of the surface peaks of
D and H are denoted by arrows. A spectrum taken from KDP
is also shown for comparison. For clarify, only every fifteenth
experimental point is depicted in spectra. Solid lines: results
of RUMP simulations.

detector to stop forward scattered alpha particles. For
a normal beam incidence, the circular ion beam spot on
the sample surface was ∼ 6 mm in diameter. Ion fluence
was measured with a spinning wire technique described
elsewhere.9 Ion beam current was ∼ 30 nA, and the total
charge of 4 µC was accumulated for each ERDA spec-
trum. Negligible ion-beam-induced loss of H or D was
revealed for these irradiation conditions.

Figure 1 shows selected ERDA spectra illustrating the
evolution of D and H atomic concentrations in the near-
surface region of a D2O-polished-KD1.2H0.8PO4 sample
stored at ambient conditions for different periods.10 It
should be noted that DKDP samples stored in vacuum
(of � 10−7 torr) for a few days after D2O polishing show a
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negligible change in ERDA spectra. To extract the depth
profiles of H and D atomic concentrations, we used the
RUMP code11 to simulate ERDA spectra such as shown
in Fig. 1.12,13 The absolute values of energy-dependent
cross-sections for 1H(4He,

1
H)4He and 2D(4He,

2
D)4He

forward scattering were taken from Refs. 14 and 15. In
our simulations, the model sample was composed of 100
nm layers of KD2xH2yPO4, and the values of x and y (re-
ferred to below as D and H content, respectively) were
found by a fitting procedure which maximized the Pois-
son probability function between experimental and simu-
lated spectra. Typical examples of simulated spectra are
shown in Fig. 1 by solid lines.

Figures 2(a) and 2(b) show depth profiles of H and D
content, respectively, extracted from ERDA spectra. It is
seen from Figs. 2(a) and 2(b) that, when DKDP is loaded
into a vacuum chamber within ∼ 1 minute after D2O
polishing, it exhibits a slightly increased content of both
H and D in the first ∼ 100 nm from the surface.16 Figures
2(a) and 2(b) also clearly illustrate that the storage of
this sample at ambient conditions results in a significant
decrease in x and an associated increase in y, particularly
during the first several days after D2O polishing.

The total hydrogenation (i.e., x + y) and the degree
of deuteration (i.e., x/(x + y)) are shown in Figs. 2(c)
and 2(d), respectively. It is seen from Fig. 2(c) that,
for depths � 100 nm, the sample remains stoichiometric
(i.e., x + y = 1), within experimental error, during stor-
age at ambient conditions. However, slight variations in
the total hydrogenation in the first ∼ 100-nm-thick near-
surface layer can be seen, indicating that the total hydro-
genation of this thin surface layer is affected by the water
polishing and aging processes. We have also found that
a linear fit to the dependence of x on y for all the depth
profiles examined has a slope of −0.99± 0.02 with an in-
tercept of 1.00±0.01. This indicates negligible changes in
the total hydrogenation (x + y) during aging at ambient
conditions (except for the ∼ 100-nm-thick near-surface
layer discussed above), giving compelling evidence that
the decrease in surface deuteration is indeed associated
with the D/H proton exchange. In this process, the layer
of H2O adsorbed at the sample surface at ambient con-
ditions acts as a source of excess hydrogen.

The time evolution of the deuteration degree for lay-
ers at different depths from the sample surface is illus-
trated in Fig. 3. It is seen from Fig. 3 that the degree of
deuteration monotonically decreases with time. However,
experimental depth and time profiles, such as shown in
Figs. 2(a), 2(b), and 3, cannot be described by the com-
plimentary error function. This indicates that the D/H
proton exchange is not a simple Fick’s diffusion process
with the effective diffusion coefficient Deff independent
of the deuteration degree.17

In order to extract the concentration dependence of
Deff , we have preformed the Boltzmann analysis17,18
of the curves from Fig. 3. Time dependencies such as
shown in Fig. 3 merge into one curve when replotted as
a function of the Boltzmann variable η = d/

√
t (where d

FIG. 2: Depth profiles of H and D content [(a) and (b)] as
well as the total hydrogenation (c) and deuteration (d) of a
D2O-polished-KD1.2H0.8PO4 sample stored at ambient con-
ditions for the following periods (in days): 1 (up triangles),
2 (squares), 4 (down triangles), 17 (diamonds), and 93 (right
triangles). Profiles for KD1.2H0.8PO4 loaded into the vacuum
chamber within ∼ 1 minute after D2O polishing are shown by
circles.
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FIG. 3: Evolution of the deuteration degree of KD1.2H0.8PO4

stored at ambient conditions. Data are averaged over 100-nm-
thick layers at different depths from the sample surface, as
indicated in the legend (in nm). The inset shows the depen-
dence of the effective diffusion coefficient (Deff ) on deutera-
tion.

is the distance from the sample surface, and t is time),
and such an x(η) curve can be used to extract the Deff

dependence.17 The inset in Fig. 3 shows the dependence
of Deff on deuteration, obtained as a result of the Boltz-
mann analysis.17,18 It is seen from the inset in Fig. 3 that
Deff strongly decreases with a decrease in deuteration,
which explains the fact that the depth profiles of x and
y, shown in Figs. 2(a) and 2(b), cannot be described by
the complimentary error function.

Such a strong Deff (x) dependence also suggests that
the D/H exchange occurs via the proton tunneling mech-
anism. Indeed, in the case of tunneling, the proton
transport through the lattice is expected to be exponen-
tially dependent on the effective tunneling barrier. Be-

cause the room-temperature lattice constants of DKDP
increase (from a = 0.74529 and c = 0.69751 nm up to
a = 0.74697 and c = 0.69766 nm) with an increase in
deuteration x from 0 to 1 (Ref. 19), the corresponding
decrease in the effective barrier for proton tunneling with
an increase in deuteration can explain the strong Deff (x)
dependence observed. However, the complex shape of
the near-surface depth profiles of H and D, as shown in
Figs. 2(a) and 2(b), can also be related to possible lateral
nonuniformities at a sub-millimeter scale, averaged dur-
ing the ERDA analysis. At this stage, additional work
is desirable to better understand the micromechanisms
controlling the D/H exchange in DKDP crystals.

Finally, it should be noted that the proton exchange
effects described in detail above for one rapidly-grown
KD1.2H0.8PO4 sample have also been observed for the
other crystals studied (both rapidly- and conventionally-
grown). However, we have found that crystals grown
at different conditions are described by different Deff .
This can be attributed to variations in the types and
concentrations of lattice defects and impurities for differ-
ent conditions of crystal growth, and this effect requires
additional systematic studies.

In conclusion, surface hydrogenation of rapidly-grown
DKDP crystals stored at ambient conditions has been
studied by ERDA. We have shown that the degree of
deuteration in the ∼ 500-nm-thick near-surface layer dra-
matically decreases due to the D/H proton exchange.
The effective diffusion coefficient depends on the deuter-
ation degree and crystal growth conditions. This study
have important implications for the estimation of the ef-
fects of surface preparation conditions and aging on the
near-surface properties of DKDP.
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